Structure changes of purple membranes during the photocycle were analysed in solution by measurements of the electric dichroism. The D96N-mutant was used to characterize the M-state at neutral pH. The transition from the resting state to 61% photo-stationary M-state is associated with a strong reduction of the dichroism decay time constant by a factor of , 2. Because the change of the time constant is independent of the bacteriorhodopsin concentration, the effect is not attributed to light-induced dissociation but to light-induced bending of purple membranes. After termination of light-activation the dichroism decay of the resting state is restored with a time constant close to that of the M-state decay, which is more than two orders of magnitude slower than proton transfer to the bulk. Thus, bending is not due to asymmetric protonation but to the structure of the M-state. A very similar reduction of decay time constants at a corresponding degree of light-activation was found for wild-type bacteriorhodopsin at pH-values 7.8 -9.3, where the lifetime of the M-state is extended. Light-induced bending is also reflected in changes of the stationary dichroism, whereas the overall permanent dipole moment remains almost constant, suggesting compensation of changes in molecular and global contributions. Bead model simulations indicate that disks of , 1 mm diameter are bent at a degree of photo-activation of 61% to a radius of , 0.25 mm, assuming a cylindrical bending modus. The large light-induced bending effect is consistent with light-induced opening of the protein on the cytoplasmic side of the membrane detected by electron crystallography, which is amplified due to coupling of monomers in the membrane. Bending may function as a mechanical signal.
Introduction
Proton pumping during the photocycle of bacteriorhodopsin has been analysed actively over many years by virtually all available scientific techniques. 1 -4 A major part of research activity was focussed on studies of light-induced changes of local structure indicated by various spectroscopic parameters. Changes on the level of the global structure hardly received any attention. Probably this is partly due to the fact that it is more difficult to detect such changes at a sufficiently high sensitivity. The structure of bacteriorhodopsin has also been characterized by X-ray crystallography, electron crystallography and NMR analysis in its resting state and in different light-activated states. 4 -6 These studies provide a wealth of stereo-chemical information with many details on the protein structure. However, there is very little information on changes of global structure during the photocycle. This may be partly due to the fact that changes of global structure in the crystalline state are restricted due to packing.
In the present investigation the structure of purple membranes is analysed in solution where restrictions with respect to global changes do not exist. The analysis is based on molecular electro-optics, a set of techniques including electric dichroism and electric birefringence with a particularly high sensitivity for analysis of both local and global changes of macromolecular structures. 7, 8 Because of its high optical and electrical anisotropy, bacteriorhodopsin has been studied by these techniques in many different laboratories. 9 -19 However, electro-optical techniques have not been used yet to characterize different functional states of bacteriorhodopsin. Among the reaction states of bacteriorhodopsin the M-state is of particularly high interest, because this state is known to be critical for the pumping activity. The experimental data show a large change of the global structure during the M-state, indicating strong bending of the disks. Changes in bending of wt-bacteriorhodopsin disks induced by light were reported by Czege & Rheinisch 20, 21 based on measurements of light-scattering intensities. However, as described in the Discussion, the essential results are completely different. The difference appears to be mainly due to the much higher sensitivity of the dichroism decay, reporting changes of global structure with a dependence upon the third power of the hydrodynamic dimensions. The molecular basis of the large bending effects seems to be changes of the protein structure occurring on the local level, which are amplified due to tight coupling of monomers up to large changes on the global level. Although a biological role of the bending effect is not known, the magnitude of the effect suggests a function as a simple mechanical signal.
Results

Large change of electric dichroism and of rotational diffusion induced by light
Analysis of reaction states during the photocycle by electro-optical procedures requires controlled application of light and electric field pulses. A special instrument has been constructed for this purpose (cf. Figure 1 ). Experiments for characterization of the photo-activated state were initiated by a light pulse. Then an electric field pulse followed, with a delay of , 100 ms. In most cases the light pulse was maintained until the end of the dichroism decay. Thus, dichroism transients were usually recorded in the photo-stationary state.
Characterization of reaction states generated during the photocycle requires a high degree of photo-activation, which is associated with very large changes of the absorbance at wavelengths around 570 nm. Because these changes perturb the dichroism transients, the present measurements were mainly conducted at the wavelength l ¼ 458 nm, where absorbance changes resulting from photoreactions of bacteriorhodopsin are minimal.
As shown by the example in Figure 2 , the accuracy of dichroism transients measured at this wavelength is sufficiently high. Irradiation of light at a high intensity in the range l . 500 nm induces a considerable change of the dichroism: the amplitude decreases by a factor of more than 2 and the dichroism decay is accelerated by a factor of , 2. An accurate description of the decay curves obtained for the D96N sample requires two exponentials both for the resting and the light-activated state. The time constants for the light-activated state (t 1 p ¼ 7.2 ms, t 2 p ¼ 21.9 ms with a relative amplitude for the second exponential A p 2 ¼ 64:4%) are clearly smaller than those in the resting state (t 1 ¼ 10.6 ms, t 2 ¼ 49.0 ms, A 2 ¼ 66:3%). The time constants of the dichroism decay are a very sensitive measure of the hydrodynamic dimensions. Thus, the change of the time constants indicates a strong decrease in the hydrodynamic dimensions upon light-activation. Furthermore, the observation of two exponentials indicates the existence of a distribution of particle sizes in the D96N sample.
Contributions from light-scattering reflected by magic angle data
When the light used for measurements is polarized to the magic angle (558 with respect to the field vector), the electric dichroism is suppressed completely, whereas effects due to conformation changes and other reactions are not suppressed at all. 8, 22 A detailed analysis of the transients obtained at l ¼ 458 nm revealed a special contribution at this magic angle. In the wavelength range around 570 nm, field-induced changes of the absorbance at the magic angle are negligible compared to the large dichroism amplitudes, whereas at 458 nm contributions at the magic angle cannot be neglected. An analysis of the magic angle amplitude DA 55 measured for a given solution and with constant electric field pulses but different wavelengths shows that DA 55 increases linearly with 1/l 4 , indicating that this amplitude results from lightscattering.
The effects observed at the magic angle are dependent on the concentration of bacteriorhodopsin. At high concentrations, e.g. in the range of 10 mM and above, the field-induced transients are clearly affected by a reaction associated with a particularly slow rise and a relatively fast decay. The example in Figure 3 shows the slow rise of the transient recorded at the magic angle (q ¼ 558) and an unusual shape of the transient recorded at parallel orientation of polarization plane and field vector (q ¼ 08). The unusual shape at q ¼ 08 is due to superposition of a standard orientation effect and a "magic angle" effect. Thus, subtraction of the magic angle effect measured at q ¼ 558 from that measured at q ¼ 08 should reveal the unperturbed form of the orientation effect, as verified in Figure 3 . The validity of the correction is also indicated by the fact that the ratio DA 0 =DA 90 of the stationary absorbance changes measured at q ¼ 08 and q ¼ 908 is far from the expected value 7,8,22 2 2 before correction but in agreement with 2 2 after correction (within experimental accuracy^20%).
Furthermore, the shape of the corrected transient ðDA 0 2 DA 55 Þ closely corresponds to that of DA 0 -transients measured at low concentrations.
The magic angle effect observed at high concentrations seems to reflect field-induced interactions of purple membranes. This is suggested by the analogy of the DI 55 -transient shown in Figure 3 with those reported previously for lipid vesicles 23 and DNA double helices. 24 Figure 1 . Scheme of the instrument used for the present measurements. The light pulses for photo-activation were generated by the two 600 W arc lamps. The light for measurements was generated by a 100 W wolfram halogen lamp. Light pulses and electric field pulses were initiated by the timer unit; their length and relative position on the time axis could be adjusted to any value. Usually the light pulse was initiated 100 ms before the start of the electric field pulse and was terminated, when the dichroism decay was complete. for the resting and the light-activated state) in the range of low concentrations c BR , 3 mM: Furthermore, the special form of the DI 55 -transients illustrated in Figure 3 is not observed at low concentrations. Finally, the existence of a magic angle contribution in the low concentration range is indicated again by the ratio DI 0 =DI 90 ; which is not consistent with the expected value 2 2, when the DI-values are used without correction, but approach the expected value 2 2 after correction with the magic angle effect (within experimental accuracy^20%). All these observations indicate the existence of an intramolecular process contributing to the magic angle effect. The shape of the magic angle transients found at low concentrations is similar to that of the dichroism transients. Thus, the intra-molecular magic angle effect appears to be closely coupled to the process of orientation of the disks.
The magic angle effects are briefly described here without further discussion, because these effects were used to correct the dichroism transients discussed below, although the photo-induced changes are large and clearly visible without any correction (cf. Figure 2) . The goal of this correction is optimal accuracy of the dichroism data over a broad range of concentrations.
The effect of the correction in the range of low concentrations is shown in Figure 2 . After correction the risecurve for the light-activated state is converted from a special shape with a maximum in the transmission change to a standard shape with a continuous increase of transmission. In both cases the amplitude of the transmission change is increased. The correction also leads to some increase of the time constants, usually in the range of 10-20% (cf. legends to Figures 2 and 3) . However, the strong acceleration effect induced by photo-activation is observed both in the raw and the corrected data.
Rotational diffusion is accelerated during M-state
The extremely large change of the dichroism decay indicates a major change in the global structure of the purple membranes. Apparently this change is due to formation of the M-state and, thus, the degree of transition to the M-state should be determined under the given experimental conditions. A simple procedure is based on determination of the light-induced absorbance change at 411 nm, where the absorbance of the M-state is maximal. The change in the extinction coefficient at this wavelength due to formation of the M-state is 36 £ 10 3 M 21 cm
21
, based on spectra given in the literature. 25 -27 Using these data, the degree of photo-activation has been determined for each experiment. In the examples presented in Figures  2 and 3 , 61% of the bacteriorhodopsin molecules were converted to the M-state. The ratio of the average time constants for the resting and the photo-activated state has been measured at different degrees of photo-activation. As shown in Figure 4 , the increase of this ratio with increasing photo-activation is more than linear. An exact interpretation of these data requires detailed hydrodynamic model calculations.
Most of the M-state is generated under the present experimental conditions within times of less than 100 ms, as judged from the increase in the absorbance at 411 nm. However, some change of the absorbance at 411 nm is observed up to the time range of about a second. Probably different M-sub-states are generated at different times of irradiation. However, measurements of the dichroism decay at different irradiation times between 0.1 second and 0.6 second did not reveal any difference within experimental accuracy of^10%. If different sub-states are generated, these sub-states cannot be distinguished on the basis of the dichroism decay time. Based on the data collected for the photo-cycle, the late M-state should be accumulated under photo-stationary conditions.
Changes in dichroism decay time constants may result from different types of changes in the global structure. One of the possibilities is a change in the state of aggregation, which should be reflected by a dependence of the experimental time constants on the concentration of bacteriorhodopsin. Measurements in the range from 3 mM to 14 mM bacteriorhodopsin did not provide evidence for such concentration dependence, within experimental accuracy (cf. Figure 5 ). These data indicate that the light-induced change of the dichroism decay time constants is due to bending of the bacteriorhodopsin discs.
The lifetime of the state with the accelerated dichroism decay was analysed by measurements of this decay at different times Dt after termination of light-activation. As shown in Figure 6 , the integral dichroism decay time constant t i increases in a time range very close to that observed for the decay of the M-state. The time constant obtained from the t i ¼ f ðDtÞ dependence is 500 ms and the time constant obtained under identical conditions from the absorbance at 411 nm for the decay of the M-state is 750 ms. The rather close correspondence shows that the state with the accelerated dichroism decay is equivalent with the M-state. An exact equivalence of the time constants is not expected, because the hydrodynamic changes are probably not linearly related to the amount of M-state. The light-induced change of the dichroism decay was observed under various conditions. In buffer B containing Ca 2þ at pH 6.7 the average decay time in the light-activated state (, 70% M-state) was smaller by a factor of 1.7 than that of the resting state. Reduction of pH to 5.1 by addition of acetic acid to this buffer lead to a decrease in this factor to 1.33 at , 54% M-state. The pH-dependence is partly due to a decrease in the lifetime of the Mstate with decreasing pH. The available data suggest that light-induced bending is slightly less extensive in the presence of Ca 2þ than in their absence.
Most of the dichroism decay time constants shown here were measured after pulses of 3.67 kV m
. The results obtained from data after pulses of different field strengths are very similar, although some dependence on the field strength is observed, partly due to the fact that there was a distribution in the size of membrane fragments. The standard pulse of 3.67 kV m 21 represents a relatively low electric field strength, where the dichroism amplitude arrives already at a high level (cf. Figure 7) . By this choice the accuracy of decay curves was sufficiently high and any perturbations by the electric field were reduced to a minimum.
Stationary dichroism and photo-induced change of retinal angle
As illustrated in Figure 2 , photo-activation does not only change the dichroism decay but also the stationary dichroism amplitude. Measurements of these amplitudes at different field strengths (cf. Figure 7) show a decrease in the dichroism for the photo-activated state over a wide range of electric field strengths, whereas the overall shape of the field strength dependence is quite similar for the resting and the photo-activated state. These data were analysed by the orientation function for disks having a permanent dipole perpendicular to the plane and an induced dipole in the plane. 28 The orientation of purple membranes 9 -19 in low DC-fields is determined by their permanent dipole moment, which is directed perpendicular to the membrane plane. The direction of orientation changes at high DC field strengths, 19, 28 where the induced dipole moment is dominant, causing preferential orientation along the membrane surface. AC-fields ($ 1 kHz) induce orientation by the induced dipole at any field strength, because the permanent dipole cannot follow rapid changes in the field direction. The induced dipole can change its direction very quickly, because it is based on changes in the ion distribution in the membrane plane, which are sufficiently fast to follow high frequencies up to the range of , 1 MHz. The change in the mode of orientation from the permanent to the induced dipole is reflected in the sign of the dichroism.
The permanent and the induced dipole moments obtained by the quantitative analysis of the stationary DC-dichroism remain almost constant upon transition to the photo-activated state, whereas the limit dichroism is reduced by a factor of , 1.9 in the photo-activated state ( Figure 7) . However, the extrapolation to the limit of orientation may not be reliable enough, because the experimental dichroism values obtained by DC-field pulses are far away from the limit value. The experimental dichroism values induced by high AC-field pulses are much closer to the limit of complete orientation (cf. Figure 8 ) and, thus, extrapolation is more reliable. In this case, the limiting dichroism values are much larger and the difference between the resting and the photo-activated state is relatively small. These data indicate that the limit values of the dichroism depend on the mode of orientation and suggest that the mode of orientation affects the shape of particles (cf. Discussion).
The limit values of the dichroism are also dependent on the ion composition. In the presence of EDTA, used for chelating bivalent ions, the electric Table 1 .
Global structure in M-state of wt-bacteriorhodopsin is analogous to that of D96N
The M-state of D96N is known for its particularly long lifetime and, thus, was selected for a convenient analysis. Because the effects observed for D96N may be partly due to the mutation, it is of interest to analyse the M-state of wt-bacteriorhodopsin. For a direct comparison, the electric dichroism of wt-bacteriorhodopsin was measured first under the same conditions as D96N. These 23 .6% and 32.3%, respectively) was driven to the M-state by photo-activation. Under these conditions the dichroism decay was accelerated in the light-activated state by factors of 1.11, 1.19 and 1.28, respectively. These data demonstrate a continuous increase in the acceleration effect with increasing pH. The magnitude of the effect is similar to that observed for D96N at the same degree of photo-activation (cf. Figure 4) . The dichroism decay of the wt-bacteriorhodopsin sample could be described by single exponentials at a satisfactory accuracy. The average decay time constant in the resting state was 52.4 ms.
Bead model simulations
Dichroism decay time constants are known to be very sensitive indicators of hydrodynamic dimensions. The rotation time constant t R of circular disks 29 increases with the cube of their diameter d :
where h is the viscosity and kT the thermal energy. Thus, for a disk with d ¼ 1 mm we get t R ¼ 55 ms and with d ¼ 0:5 mm t R ¼ 6.9 ms (in water at 20 8C). However, there is no simple analytical relation to deduce the bending angle of a circular disk from a reduced time constant of rotational diffusion. Bead model simulations 30, 31 are required to get this type of information. The global structure of a disk was modelled by an assembly a spherical beads, as shown in Figure 9 . The diameter of the flat circular disk illustrated in Figure 9 (a) is 990 nm. This disk was bent in a cylindrical mode with different bending radii. The orientation mode was defined by the permanent dipole moment, which is in perpendicular direction to the disk plane. If there is a net charge distributed on the disk surface, bending will contribute to the permanent dipole in this direction. The simulated dichroism decay curves can be represented by single exponentials at a sufficient accuracy, although there are contributions from five exponentials. The DC-data were fitted to the orientation function described by Shah; 28 AC-data were fitted to a modified Shah function with a saturating induced dipole moment (unpublished results). The resting state is denoted by 0% M and the light-activated state is specified by the percentage of M-state (see the text). m, permanent dipole moment; a, polarizability; E 0 , saturation field strength; j 1 , limit dichroism; 20 8C, estimated accuracy^10%. 
Discussion
Molecular electro-optical techniques are useful to detect both global and local changes in macromolecular structures in solution at a particularly high sensitivity. The information on structure can be obtained within a time determined by its rotational diffusion time constant. Thus, structures of intermediates can be characterized by molecular electro-optics in solution at a relatively high time resolution. The information is provided on: (1) the charge distribution indicated by the dipole moment, (2) the arrangement of chromophores indicated by the limit dichroism and (3) the size and shape of the global structure indicated by the time constant(s) of rotational diffusion.
Charge distribution and dipole moment
In the case of bacteriorhodopsin the information on the charge distribution is of particular interest, because proton motion during photo-activation may change this distribution. A simple model calculation indicates the order of magnitude: motion of a proton from the intra-to the extra-cellular side may change the dipole moment by 1=2 £ e £ 50 £ 10 210 C m ¼ 120 D per protein molecule. This change is considerable with respect to the experimental dipole moment of , 50 D per monomer, but relatively small compared to the dipole moment calculated from the crystal structure of the protein in the order of 600 -800 D. 19, 32 The effect of proton motion on the dipole moment may also be counterbalanced by motion of charged residues of the protein. A recent investigation indicates that the overall dipole moment of the protein is compensated to a large extent, apparently by a nonsymmetric distribution of charges on lipid residues. 32 The overall permanent dipole moments obtained in the present investigation suggest that the change in the charge distribution between the resting and the M-state is negligible. However, a dipole change resulting from displacement of some residue(s) may be compensated by rearrangement of some other residue(s). Furthermore, the considerable change of shape during transition to the M-state indicated by the dichroism decay prevents a detailed comparison of molecular dipole components, because bending of charged objects may provide a large contribution to the overall dipole moment. 33 
Retinal angle and limit dichroism
The orientation of purple membranes is driven by AC-fields rather close to the limit of perfect orientation, whereas the orientation is far from this limit in the case of standard DC-fields. Thus, the limit dichroism can be obtained at a much higher reliability from AC-data. The example given in Figure 8 shows that the limit dichroism of the photo-activated state is smaller than that of the resting state by , 15%, corresponding to a relatively small change of the retinal orientation. A completely different result is obtained from DCdata, indicating a large reduction of the dichroism in the photo-activated state by a factor of 2.
The difference between the limit dichroism j 1 DC obtained from DC and j 1 AC from AC-measurements is mainly due to the fact that the available orientation function does not represent the various effects contributing to the dichroism accurately enough. First of all, usual bacteriorhodopsin preparations include different particle sizes and shapes. Furthermore, the shape of the particles is not constant but subject to bending. The degree of bending is probably affected by various factors, including the electric field. Model calculations demonstrated that bending of objects with a high charge density leads to considerable dipole moments. 33 Fieldinduced bending of purple membranes must be expected as well as field-induced stretching. The processes of bending and stretching are dependent on the details of the experimental conditions. When the disks are oriented mainly by their induced dipole moment, stretching is expected, because the induced dipole is maximal in the stretched state. Thus, stretching must be expected under AC-pulses in general and under DC-pulses of high field strengths. The energy term due to the permanent dipole moment is dominant at low field strengths of DC-pulses. In this domain, the dipole moment may be increased by bending and, thus, bending may be enhanced. Because the experimental dipole moments of the resting and of the M-state are close to each other, the degree of field-induced bending or stretching should be similar.
Due to the different effects contributing to the stationary dichroism, a complete quantitative interpretation cannot be presented yet. Apparently high AC-fields induce stretching of purple membranes and, thus, the limit dichroism obtained from AC-measurements for the resting and the Mstate are relatively close to each other. The difference in the j 1 AC -values between resting and lightactivated state is probably mainly due to a difference in the local orientation of retinal in the protein. At low DC-field strengths field-induced bending is expected to be negligible or at least similar for the resting and the light-activated state, because the permanent dipole moments are of similar magnitude. Thus, the large difference in the stationary dichroism between the resting and the light-activated state observed at low DC-fields ( Figure 7) is mainly attributed to light-induced bending of membrane fragments.
Based on this assignment of factors contributing to the dichroism amplitude, we may proceed in the analysis with the assumption that the disks are stretched out at high AC-field strengths. Assuming a simple flat structure of the discs, the angle of the transition dipole moment derived from j 1 AC is 62.38 for the resting state and 61.28 for the photo-activated state (71% M) in the presence of Ca 2þ . The higher values of the limit dichroism found in the presence of EDTA provide retinal angles of 67.68 for the resting state and 65.48 for the photo-activated state (61% M).
The orientation of retinal has been analysed by many different methods (for a summary cf. Ref. 34 ). The present data obtained from AC-measurements in the presence of EDTA are in the same order of magnitude as results reported in the literature. The polyene chain direction in the crystal structure is 69.88 with respect to the membrane normal. 35 This angle is decreased in the M-state by 2.28 according to Schertler et al., 36 whereas Luecke et al. 35 report a reduction by 9.28. The difference may be due to the analysis of different crystal forms in these investigations. Linear extrapolation of the dichroism change found in the present measurements to 100% M-state provides a change of the retinal angle of 3.68 (buffer A containing EDTA). The dependence of the retinal angle on the ion composition found in the present investigation has not been reported previously. This dependence suggests the existence of some ionbinding site(s) close to the retinal group. However, high resolution structures of bacteriorhodopsin did not provide evidence for such binding site(s). Thus, the dependence of the retinal angle on the ion composition may be based on ion binding to surface residues, which induces a change in the pK of internal carboxyl groups.
Decay time constants indicate strong light-induced bending
The most remarkable effect detected in the present investigation is the large decrease in the dichroism decay time constants in the photo-activated state. This decrease clearly demonstrates a major change in the global structure. One of the potential explanations is a photo-induced dissociation reaction of the disks. However, dissociation should be reflected by some concentration dependence of the time constants that was not detected in the experimental data. Another argument against photo-dissociation is provided by the parameters of the bi-exponential fits. If there would be photo-dissociation, the amplitude of the faster process should increase upon photo-activation, because the fraction of smaller particles should increase. Due to the extreme dependence of dichroism decay times on particle sizes (cf. equation (1)), this effect associated with dissociation should be easily detectable, but has not been observed. Thus, the available experimental data support an interpretation by photo-induced bending.
The extent of bending induced by photo-activation is considerable as judged by the large change in the dichroism decay time. However, a quantitative assignment of bending angles requires hydrodynamic model calculations. One of the difficulties for an exact assignment is the heterogeneity of the sample preparation with respect to size and shape. However, an approximate assignment may be based on disk models with a circular shape. Using equation (1) the experimental rotational time constants t 1 ¼ 11.6 ms, t 2 ¼ 55.0 ms for the resting state (Figure 2 ) provide average disk sizes of 0.6 mm and 1 mm as major components of the distribution. These numbers illustrate the fact that relatively small changes in disk dimensions result in large changes in rotation time constants.
The change of t 2 upon photo-activation is much larger than that of t 1 . This result is consistent with bending. Both small and large particles are driven to the same degree of photo-activation and, thus, their bending radius should be equivalent. Under these conditions the effect of bending on the hydrodynamic dimensions increases strongly with the size of the particles. The bead model simulations on a disk with , 1 mm diameter clearly demonstrate that the degree of photo-induced bending is extensive. The acceleration of rotational diffusion by a factor , 2 observed for particles of this size at 61% photo-activation corresponds to a bending radius of , 250 nm.
Because photo-activation cannot be driven to completion, it may be suspected that different time constants of the dichroism decay may reflect activated and non-activated molecules. However, each membrane fragment contains a high number of monomers (on average ,50,000) and each of these is activated with the same probability. Thus, the average degree of photo-activation for the whole fragment population should be valid for each individual membrane fragment. Selective photo-activation of individual membrane fragments would require a high degree of cooperativity, which has not been found for bacteriorhodopsin.
Among the potential contributions to lightinduced bending of purple membranes may be accumulation of protons on the extracellular side of the membrane. An argument against this interpretation comes from the decay of bending after termination of light-activation. As shown in Figure 6 , the experimental time constant for the decay of bending (500 ms) is more than two orders of magnitude larger than that for transfer of protons to the bulk solution. 37 -40 Thus, asymmetry of pH is not the basis of the bending effect. The rather close correspondence of time constants for the decays of bending and M-state indicates that the structure of the M-state is the source of bending. Bending is suppressed due to packing in the crystalline state of the samples, but is without these limits in solution.
Comparison with literature data "Transient changes in the curvature of the purple membrane" have been discussed by Czege & Rheinisch 20, 21 based on measurements of light-scattering intensities in the pH-range 4-11. These authors used wt-bacteriorhodopsin and short light pulses for activation, whereas a photo-stationary state was analysed in the present investigation. Czege & Rheinisch found only relatively small changes in scattering up to 3%. Their changes are maximal at pH 8 and decrease at pH . 8. Thus, the pH-dependence described by Czege & Rheinisch is very different from that found in the present investigation and is not consistent with an assignment of bending to the M-state. Furthermore Czege & Rheinisch 20 report a decreased degree of bending upon photo-activation for pH . 5. Thus, not only the magnitude of the effect and its pHdependence but also the direction of the effect is different. These differences are probably mainly due to the fact that light-scattering intensities are not nearly as sensitive with respect to changes in shape as rotational diffusion. Furthermore, Czege & Rheinisch did not use the D96N-mutant, where the effect can be observed more easily than with wt-bacteriorhodopsin. Czege & Rheinisch did not report their degree of photo-activation, which would be essential for any comparison, because the effect of bending is expected to be non-linear. Finally, as mentioned also by Czege & Rheinisch, there are problems in the interpretation of the light-scattering intensities.
Biological function
Purple membranes are usually considered in the literature to be planar disk structures, although the general shape of Halobacteria implies a high degree of bending. According to Stoeckenius et al. 41 the cells of Halobacterium salinarium "usually are rods of approximately 0.5 mm diameter and 4-10 mm length". Thus, purple membrane patches in vivo are strongly bent to cylindrical forms. The curvature found in the present experiments at 60% photo-activation happens to be close to the natural one in the membrane of Halobacteria. Apparently the curvature can be modulated by various factors. The surface charge density is clearly one of the essential factors. Other factors remain to be investigated as well as the energy required for bending. It is possible, for example, that purple membranes in their isolated state are released from "bending strain" imposed by the in vivo situation. The present results clearly demonstrate that photo-excitation changes the balance of factors contributing to bending to a large extent and, thus, lightinduces a bending signal. The molecular basis for bending of purple membranes in the photo-activated state is expected to be a change of the protein structure. Changes in bacteriorhodopsin structure during the photocycle were analysed and discussed by several authors. The findings obtained by different approaches are contradictory. Subramaniam & Henderson 42 using electron crystallography found particularly large movements within helix F (up to 2-3 Å ), whereas the X-ray analysis of crystals did not show this transition. 35, 43 Probably "the main structural change is inhibited or muted in the three-dimensional crystals". 42, 44 As shown in Figure 10 , the changes reported by Subramaniam & Henderson are equivalent with a wedge-like deformation of the protein in the trans-membrane direction during the M-state. The effect of this deformation on the global structure of purple membranes has not been considered yet. It is obvious, however, that a wedge-like deformation of the monomer must be amplified to a high degree of bending in purple membranes.
A biological role of bending in the light-induced state cannot be specified yet. It is possible that bending of purple membranes is used as a "mechanical" signal in the membrane. Although signal Figure 10 . View of the a-helical structure of bacteriorhodopsin in the resting state (blue, 1FBB) and in the "late" M-state (red, 1FBK) according to Subramaniam & Henderson. 42 Movements of the helices F and G open the proton channel at the cytoplasmic side and generate a wedge-like structure. The coordinates were loaded from the Protein Data Bank; the Figure was generated with VMD. action via bending remains speculative at the present state of knowledge, the unusually large lightinduced bending found in purple membranes suggests that it is worthwhile to study this possibility in more detail. The existence of mechanosensitive ion channels in bacteria 45 demonstrates that signals of this type can be detected and converted.
Materials and Methods
Wild-type (wt) bacteriorhodopsin was prepared by standard procedures 46 from H. salinarium, provided by Dr J. Tittor. The D96N sample was kindly donated by Dr J. Tittor. The membrane fragments were dialysed extensively against the buffers used for measurements. Buffer A: 1 mM NaClO 4 , 1 mM sodium cacodylate (pH 6.7), 0.2 mM EDTA; buffer B: 1 mM NaClO 4 , 1 mM sodium cacodylate (pH 6.7), 0.2 mM Ca(ClO 4 ) 2 . The measurements with wt-bacteriorhodopsin at pH-values . 7 were performed in the buffers: 3 mM Tris -HCl (pH 7.82), 0.2 mM Ca(ClO 4 ) 2 ; 3 mM Tris-HCl (pH 8.27), 0.2 mM Ca(ClO 4 ) 2 ; 2 mM sodium borate (pH 9.32), 0.2 mM Ca(ClO 4 ) 2 .To suppress aggregation, the samples were sonicated in a Bransonic 220 sonicator for three minutes before electro-optical measurements. The samples were light-adapted by irradiation with a cold light source.
Combined application of electric field pulses and of intensive light pulses to a given solution requires a special instrument, which allows independent initiation of the pulses. An instrument of this type was constructed using the units of a standard field jump instrument 8, 19 together with a cell that has been designed for fluorescence detection. 47 The cell with Pt-electrodes at the top and bottom is equipped with two standard conical quartz windows for absorbance measurements and two conical windows with a large aperture for fluorescence measurements. The light path for fluorescence measurements, which is arranged in perpendicular direction to the light path for absorbance measurements, is used in the present application for irradiation of light to generate the M-state of bacteriorhodopsin. Two 600 W lamps from Hanovia were used as light sources (one from the left and the other from the right side); the irradiation time was determined by electromagnetic shutters. The wavelength of the irradiation light was limited by cut-off filters to l . 520 nm. Polarization filters oriented at an angle of 558 with respect to the electric field vector were used for isotropic excitation of bacteriorhodopsin. DC and AC-pulses were generated by an arbitrary waveform generator Tektronix AWG 5105 together with a Fluke amplifier 5205A. A scheme of the instrument is presented in Figure 1 .
The dichroism decay curves of D96N bacteriorhodopsin required two exponentials for accurate fits. Because amplitudes and time constants of such fits may vary over a relatively wide range, unless the accuracy of the data is very high, in some cases integral time constants t i were used as defined by:
where A 1 ; A 2 ; t 1 and t 2 are the amplitudes and the time constants of the first and the second exponential, respectively.
